The Antarctic Ice Sheet (AIS) remains the largest uncertainty in projections of future sea level rise. A likely climate-driven vulnerability of the AIS is thinning of floating ice shelves resulting from surface-melt-driven hydrofracture or incursion of relatively warm water into subshelf ocean cavities. The resulting melting, weakening, and potential ice shelf collapse reduces shelf buttressing effects. Upstream ice flow accelerates, causing thinning, grounding-line retreat, and potential ice sheet collapse. While high-resolution projections have been performed for localized Antarctic regions, full-continent simulations have typically been limited to low-resolution models. Here we quantify the vulnerability of the entire present-day AIS to regional ice shelf collapse on millennial timescales treating relevant ice flow dynamics at the necessary ∼1-km resolution. Collapse of any of the ice shelves dynamically connected to the West Antarctic Ice Sheet (WAIS) is sufficient to trigger ice sheet collapse in marine-grounded portions of the WAIS. Vulnerability elsewhere appears limited to localized responses.
Introduction
The contribution of the Antarctic Ice Sheet (AIS) remains the largest source of uncertainty in projections of future sea level rise (SLR; Church et al., 2013) . The flow of ice from the Antarctic interior to the sea is organized into networks of relatively fast-flowing (1-10 km/year) ice streams, which flow over submarine bedrock to feed large floating ice shelves (Figure 1) . The boundary between grounded ice (ice thick enough to rest on submarine bedrock) and floating ice is known as the grounding line (GL), and it is this transitional region that must be treated with care in models of the AIS. Durand et al., 2009; Pattyn et al., 2013) . Finally, ice enters the ocean either via basal melting (due to the presence of relatively warm and saline ocean water reaching the underside of floating ice), surface melting (via hydrofracture-driven crevasses), or through iceberg calving. In turn, ice shelves affect their feeder ice streams through a "buttressing" effect (Asay-Davis et al., 2016; Goldberg et al., 2009; Gudmundsson, 2013) , slowing them and reducing their discharge. Ice shelf thinning and collapse lead to reduction or elimination of this buttressing effect, leading in turn to acceleration, thinning, and retreat of the ice sheet, particularly via the marine ice sheet instability (Schoof, 2007; Weertman, 1974) . This has been both inferred from observations (Rignot et al., 2014) and demonstrated by modeling (Favier et al., 2014) . Fürst et al. (2016) evaluated the buttressing effect in Antarctic ice shelves based on an analysis of their instantaneous stress state, which provides an indication of the short-term dynamic consequences of ice shelf collapse, but leaves open the question of the larger, longer-term effects once retreat has begun. How this retreat progresses will be dominated by effects like the marine ice sheet instability, which is dependent on the topography underlying the ice sheet. (Schoof, 2007; Weertman, 1974) .
While high-resolution projections have been performed for localized Antarctic regions like the Pine Island and Thwaites glaciers (Favier et al., 2014; Waibel et al., 2018) , simulations of the whole continent have typically been limited to low-resolution models. However, in recent years the accuracy of such projections from low-resolution models has been called into question. Durand et al., 2009; Pattyn et al., 2013; Reese et al., 2018) . Here we use the BISICLES ice sheet model (Cornford et al., 2015) , which deploys subkilometer mesh resolution in key zones, to simulate the response of the entire continental ice sheet to regional ice shelf collapse. Such fine resolution has been demonstrated to be necessary for the correct representation of the stresses at the GL, to the extent that numerical error can otherwise overshadow projections of AIS mass budget and stability (Cornford et al., 2013 Durand et al., 2009; Pattyn et al., 2013; Reese et al., 2018) . BISICLES achieves this fine resolution through adaptive mesh refinement (AMR), dynamically deploying computationally expensive fine resolution only when and where needed to accurately resolve the evolving dynamics of the ice sheet.
Subjecting each and every ice shelf to extreme thinning, such that any floating ice is reduced to a thickness of 100 m within a few years of its detachment from the bed, leads to the complete collapse of the West Antarctic Ice Sheet (WAIS) and pronounced retreat in several East Antarctic basins, amounting to 4.6 m SLR over 500 years . While this is an unrealistically high thinning rate, it does represent an upper bound on the rate of SLR due to continent-wide ice shelf thinning; by extension, it is natural to estimate the upper bound on the ice sheet's vulnerability to regional ice shelf collapse by, for example, confining such forcing to the Amundsen Sea Embayment, where ocean-induced retreat has already been observed (Rignot et al., 2014) . We divided Antarctica into 14 sectors (Figure 1 ), corresponding to a broad-scale map of Antarctic ice drainage basins similar to that in Zwally et al. (2012) . For each sector, we ran an experiment in which we applied extreme ice shelf thinning to any floating ice in the sector, evolving the ice sheet for 1,000 years.
Simulations with coupled ice sheet and ocean models (Asay-Davis et al., 2016) suggest that subshelf melt forcing will follow GLs as they retreat. Thus, melt forcing is allowed to follow GLs as they retreat into the interior of the continent, even out of the original sector. To test whether melt following the GL over such large-scale retreat was essential, we ran a second set of experiments in which this thinning was confined to the chosen sector. In some cases, GLs retreated out of the selected sector, at which point the forcing stopped and any further retreat was unforced. While our experiments implemented ice shelf weakening specifically due to submarine melting, surface melting like that seen on the Siple Coast in 2016 (Nicolas et al., 2017) can also result in weakening and eventual collapse of ice shelves, as observed in the Larsen B Ice Shelf breakup in 2002 (McGrath et al., 2012 van den Broeke, 2005) . The effects of ice shelf loss in this work are independent of the specific form of shelf weakening; rather, they indicate the general vulnerability of the AIS to the weakening and loss of its floating ice shelves.
Methods
We began with the Antarctic "present-day" initial condition used in Cornford et al. (2016) , which is based on the Bedmap2 data set (Fretwell et al., 2013) . We use the present-day temperature field computed by Pattyn (2010) and the accumulation field from Arthern et al. (2006) . Using the Antarctic sector map (1) as a mask, we applied the extreme melting scenario from Cornford et al. (2016) to any floating ice in the chosen sector(s) and then evolved the ice sheet in each melt configuration for 1,000 years using the BISICLES ice sheet model (Cornford et al., 2013) . The AMR capabilities of the BISICLES model enabled us to apply sufficiently fine spatial and temporal resolution (as demonstrated in Cornford et al., 2016) to accurately resolve the GL dynamics of the ice sheet. The finest resolution (1 km) was applied near grounding lines, dynamically adapting the resolution and following the GLs as the solution evolved. This resolution, when coupled with a subgrid-friction scheme, has been demonstrated to be sufficient for this experiment in Cornford et al. (2016) and in the supporting information. The submarine melt forcing used in this work is depth dependent, ranging from no melting for ice shelves with a thickness less than 100 m, then linearly increasing with ice shelf draft up to a maximum ablation value of 400 m/year (m/a) where the ice thickness is greater than 800 m. (There is an error in the forcing function specified in Cornford et al. (2016) -The values here are the correct ones.) While this produces unrealistically high melt rates, the intent is to test the ice sheet's sensitivity to forcing, not produce credible temporally accurate projections (which will be left to a following work). Limiting thinning to shelves with greater than 100-m thickness rather than thinning all the way to zero thickness is a numerical convenience. The supporting information includes a demonstration that the 100-m cutoff is thin enough to be dynamically similar to thinning all the way to zero, while avoiding a set of numerical difficulties that occasionally occur when portions of ice shelves are removed entirely. As recommended in Seroussi and Morlighem (2018) , we confine melting to computational cells that are fully floating.
We performed two sets of experiments. In the first, the melt forcing associated with a given sector or sectors was allowed to follow the GL retreat anywhere within that sector or more than 100-km distant from the initial ice shelf region of another sector. In the second set, subshelf melt forcing was confined to the chosen sector or sectors. In a few cases (particularly sector 5), GLs passed out of the sector, at which point the melt forcing would no longer follow the GL retreat (but GLs were free to continue their retreat and did). We also ran a control experiment with no subshelf melting, which showed a tendency to gain ice after about 100 years, gaining 197 mm SLE after 500 years and 467 mm SLE after 1,000 years, primarily due to accumulation in the interior. While this control does not take present-day retreat and subshelf melting rates into account, the goal of this work is to evaluate vulnerability to any shelf weakening and collapse, including any which may already be underway, while the tendency of the control to add ice tends to isolate just the response due to the applied forcing, while not affecting the dynamics of the response. To isolate the effect of the melt-induced dynamics, we subtracted the control solution from the results of the runs. We then evaluated the change in the volume of ice over flotation, the net contribution to global sea levels.
While our experiment design aims to capture the important ice physics relevant to the dynamics of marine ice sheet instability, certain processes are not incorporated in our model. In this work, we do not incorporate the marine ice cliff instability proposed in Pollard et al. (2015) and DeConto and Pollard (2016) , which remains controversial and has not been fully developed in a modeling context. Also, while we incorporate a realistic ice temperature field in our initial condition, we do not evolve that temperature field as the experiments progress. We believe this to be a reasonable approximation for much of this experiment given the Figure 2 . One-thousand-year contribution to sea level rise (in mm sea level equivalent) after 125,250, 500, and 1,000 years for each Antarctic sector. Results from both experiments are shown; for each sector, the left bar shows the case where melt is restricted to the specified sector, and the right bar shows the case where melt is allowed to follow grounding lines into other sectors. "All" is the case where there is melting in all sectors simultaneously. rapid nature of the response compared to the relatively slow timescale of thermal evolution in the ice. At the same time, it is likely that this omission results in generally colder ice than would result from fully thermomechanically coupled simulations and so would tend to underestimate ice sheet response. Similarly, the basal friction field we compute to match our initial velocity field to observations remains fixed for the duration of the runs. While this is also not realistic, we expect it will primarily miss the tendency of bed friction to reduce as the GLs move inland, and ice flow becomes more active, which will also tend to underpredict acceleration, thinning, and retreat in the ice sheet.
Plots of ice thickness differences relative to the control and plots of contribution to SLR versus time for each case are provided in the supporting information. Figure 2 shows the contribution to SLR after 1,000 years due to shelf loss for each sector, compared to the control, which had no thinning, along with the result from forcing all sectors simultaneously, which resulted in a response of 4.6 m of eustatic sea level equivalent (SLE) after 1,000 years. In all cases, regional ice shelf collapse caused at least some enhanced Antarctic contribution to SLR when compared to the control. We observe three tiers of response. The first tier, comprising the largest responses, includes sectors 2 (the Amundsen Sea Embayment), 4 (the portion of the Ross Ice Shelf adjacent to Siple Coast streams), and 5 (the western part of the Ronne Ice Shelf) with or without out-of-sector melting, and sector 14 (the portion of the Ross ice shelf adjacent to the Transantarctic Mountains) if out-of-sector melting is permitted ranges from 2.2 to 2.6 m of SLE and comes from retreat chronologies in which GL retreat reaches the interior of the WAIS, as illustrated in Figure 3 . The striking feature of these results is that all four high-impact cases trigger continental scale retreat in the same vulnerable submarine-grounded part of WAIS, but through different routes. As shown in Figure 3 , forcing from sector 2 drains ice through the Thwaites Glacier basin into the Amundsen Sea, forcing from sector 5 drains ice through the Rutford Ice Stream into the Ronne Ice Shelf and ultimately the Weddell Sea, and forcing from sectors 4 and 14 drains into the Ross Sea. This result indicates the high degree of vulnerability of the marine-grounded portions of the WAIS to the weakening of any of its dynamically connected ice shelves and agree generally with Feldmann and Levermann (2015a) , in which a similar study was conducted for a regional WAIS domain forced from the Amundsen Sea. Notably, sector 14 only has limited access to the vulnerable part of WAIS via the Whillans and Mercer ice streams, but depending on the evolution of shelf collapse as those GLs retreat, thinning in that sector can cause WAIS collapse similar to the more well-connected (to the WAIS interior) sectors. At the same time, its limited impact when melting remains in-sector underscores the difference between the level of vulnerability in the East Antarctic Ice Sheet (EAIS) and WAIS. This also highlights the nature of the Siple Coast as an effective route to WAIS collapse, which has yet to be extensively studied by current models. On the other hand, the limited-melt experiment results for sectors 2, 4, and 5 indicate a high degree of vulnerability of the WAIS even to unforced retreat once retreating GLs breach the boundaries of the region, with much of the retreat and loss in the central WAIS occurring out of the originally forced sector.
Results
The second tier of AIS response consists of ice streams whose cumulative contribution to SLR is comparable to the main WAIS system and is evident in Figure 2 . Forcing applied to sectors 6 (including the Support Force and Foundation glaciers), 7 (the Bailey, Slessor, and Recovery ice streams flowing into the Filchner Ice Shelf), and 13 (George V land, including the Wilkes subglacial basin) results in 300-600 mm SLE in each case, as it does in sector 14 if melting does not progress beyond the sector ( Figures S3, S4 , and S7 in the supporting information). In all of these cases, only minimal effects are seen outside the immediately affected drainage basins.
The third tier comprises the remaining seven sectors, which each exhibit millennial ice losses of less than 200 mm SLE. A notable case is that of the Totten and Vanderford glaciers (in sector 12, Wilkes Land), which undergo rapid retreat at the start of the simulations but for which the relatively limited mass loss is ultimately restricted to the deep trough surrounding Law Dome. This suggests that the current activity observed in this sector (Rintoul et al., 2016; Xin et al., 2015) is not likely to result in large contributions to SLR in the long term.
Even with the extreme forcing employed in this experiment, most of the contribution to SLR occurs well after the first 100 years. The initial loss comprises small contributions from every sector of the ice sheet (all the way around the margin), whereas the the potential for larger, longer-term loss is dominated by the sectors that activate WAIS collapse.
Regional Independence
Due to limitations in computational resources, it is currently common practice to model individual AIS drainage basin evolution separately. For example, previous studies have examined the response of the Pine Island Glacier (Cornford et al., 2013; Favier et al., 2014) , the Thwaites Glacier (Joughin et al., 2014; Seroussi et al., 2017; Waibel et al., 2018) , or multiple glaciers in the same catchment (Cornford et al., 2015) . On the other hand, studies that examine the entire AIS have tended to employ low spatial resolution and/or parameterized critical dynamical processes due to the prohibitive computational expense of modeling the entire ice sheet at high resolutions (DeConto & Pollard, 2016; Golledge et al., 2015; Winkelmann et al., 2015) . The validity of sea level projections based on regional simulations depends on the assumption of independence of the region in question from ice dynamics occurring elsewhere in the ice sheet, which may have questionable validity given the multiple vulnerabilities of the WAIS shown above. This type of interbasin interaction was examined in an idealized setting in Feldmann and Levermann (2015b) . To test this in the Antarctic setting, we also subjected selected combinations of sectors to simultaneous melt forcing to determine whether different connected sectors of the WAIS truly evolve independently. We examine two configurations. In the first, we examine the regional independence of the first-tier sectors that directly drive WAIS collapse. In particular, we examine the combinations of sectors 2 and 4 and 2 and 5. The third possible combination, 4 and 5, is less relevant due to the current active retreat in the ASE region (sector 2) but is included in the supplemental materials for completeness. The second configuration examines the independence of different parts of the large ice shelves (i.e., the combinations of sectors 5 and 6 and sectors 4 and 14). Time-dependent plots of the volume above flotation (i.e., the contribution to SLR) are shown in Figure 4 while the rate of change of volume above flotation (rate of contribution to SLR) is shown in Figure 5 . If ice dynamics for each sector are independent, then the results of the combined run (purple lines in Figures 4 and 5 ) and the sum of the individual runs (green lines in Figures 4 and 5) should be identical. As seen in Figure 4 , this generally holds true in WAIS-connected sectors for about 100 years, after which the assumption of regional independence appears to break down somewhat as small differences appear. The differences remain small for a further 300-400 years time, at which point GLs retreat significantly out of their original drainage basins and the independent runs begin to contend for the same grounded ice, and so can no longer be treated additively.
The exception to this is for the Ronne Ice shelf sectors, (Figure 4 , lower left) where WAIS collapse is entirely due to forcing in the western part of sector 5 but the most dramatic, near-future retreat, associated with the Möller and Institute ice streams, is hastened by the inclusion of forcing in the eastern part of sector 6.
In general, distinguishable "events" in the plots in Figure 5 -such as WAIS collapse when rates of SLR grow to 5 mm/a-occur earlier when both sectors are forced, suggesting that temporally detailed projections of sea level contributions for timescales longer than centennial may require the use of whole-continent (or at least whole-WAIS/EAIS) models. It is, however, also possible that realistic forcing scenarios will preserve
